Absence of weak antilocalization in ferromagnetic films 
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We present magnetoresistance measurements performed on ultrathin films of amorphous Ni and 
Fe. In these films the Curie temperature drops to zero at small thickness, making it possible to 
study the effect of ferromagnetism on localization. We find that non-ferromagnetic films are char- 
acterized by positive magnetoresistance. This is interpreted as resulting from weak antilocalization 
due to strong Bychkov-Rashba spin orbit scattering. As the films become ferromagnetic the mag- 
netoresistance changes sign and becomes negative. We analyze our data to identify the individual 
contributions of weak localization, weak antilocalization and anisotropic magnetoresistance and con- 
clude that the magnetic order suppresses the influence of spin-orbit effects on localization phenomena 
in agreement with theoretical predictions. 

PACS numbers: 72.15.Rn, 73.61.At, 75.70.Ak 



I. INTRODUCTION 

Ferromagnetic thin films are of great interest because 
of their application in various areas of magnetoelectron- 
ics, magnetic read-heads, field sensors, random access 
memory elements and others. Most of the research ef- 
fort is concentrated on ultraclean films which are ad- 
vantageous for devices. However, disordered films are 
interesting from the scientific point of view since they 
allow to study the interplay between magnetization and 
localization. Like in normal metals, the semi-classical 
Drude conductivity at low temperatures is expected to 
be strongly influenced by quantum corrections. 

Quantum corrections to electrical conductivity of nor- 
mal metals were extensively studied in the past three 
decades. These corrections, derived from quantum in- 
terference between self- intersecting paths are always 
negative in the case of purely potential scattering. When 
in addition to the potential scattering there exists spin- 
orbit (SO) scattering or magnetic-impurity scattering 
(scattering due to magnetic impurities in a paramagnetic 
metal) the situation becomes less definite. The interfer- 
ence may be constructive or destructive depending on the 
strength of the SO interaction In the general case 

the conductivity correction 5o can be presented as Q 
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where Dq is the diffusion constant in d dimensions, L 
is the size of the sample, tso is the spin-orbit relax- 
ation time, the inverse of which measures the strength 
of the SO interaction, and t v is the dephasing time. 
The first term in Eq. (JTJ is the contribution from the 
triplet channel, describing the constructive interference 
and leading to weak localization (WL). The second term 
is the contribution from the singlet channel, describing 



the destructive interference and leading to weak antilo- 
calization (WAL). This becomes even more obvious when 
one calculates the Q sum and obtains [8] 
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where A and v are the (Fermi-surface) electron wave 
length and velocity respectively, and a is the film thick- 
ness or the wire radius. For d — 2 one obtains 
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where r is the momentum relaxation time. As seen from 
Eq. (|3) , the spin-orbit scattering reverses the sign of the 
quantum correction to conductivity. 

Both WL and WAL are suppressed by an applied mag- 
netic field. An asymptotic estimate for magnetoconduc- 
tance can be found from Eq. ([2]) taking into account that 
the upper limit of integration should now be tu instead of 
t v if ta t v , where i# ~ 1%/D , and la — (hc/2eH) 1 / 2 
is the magnetic length. It is easy to see that in the ab- 
sence of spin-orbit scattering the magnetoresistance (MR 
- the inverse of the magnetoconductance) is always nega- 
tive. Substituting Dq — ^ — yields the following expres- 
sion for the magnetoconductance due to WL [5(: 
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where kp is the Fermi wave length, I is the mean free 
path and l v is the dephasing length. 

The situation is more complicated for WAL when spin- 
orbit scattering is important. In weak magnetic fields 
and under strong spin-orbit scattering the magnetocon- 
ductance reverses its sign and is given by 
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where I so is the spin-orbit interaction length. As the 
magnetic field increases and becomes larger than 
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the magnetoresistance becomes negative even in the pres- 
ence of SO [1] . Similar to paramagnetic impurity scat- 
tering, SO interaction may result from lack of inversion 
symmetry which is described by the Dresselhaus term Q 
or reduced dimensionality of the system related to the 
Bychkov-Rashba Hamiltonian [To| ■ 

From Eq. (JTJ) it is clear that a quantity of crucial im- 
portance for the calculation of the quantum correction to 
the conductivity is the dephasing time t v . As well known, 
in low dimensionality conductors (d < 2) for low enough 
temperatures t v is determined by electron-electron in- 
teraction involving small energy transfer, uj ~ r tpi and 
has the form @, Q 



T 



2/(4-«Q 



zy V d TL 



i. 



(7) 



where is the density of states, j?f is the Fermi momen- 
tum. 

One may ask, how do the above quantum corrections 
manifest themselves in the case where the metal is a fer- 
romagnet. Dugaev et al. [ll[ theoretically studied the 
influence of ferromagnetism on WL and WAL phenom- 
ena. Qualitatively, the main idea in this work is that 
strong magnetic polarization in ferromagnetic materials 
excludes processes with the singlet Cooperon, which are 
responsible for the antilocalization in nonmagnetic mate- 
rials with SO scattering. As a result, the quantum correc- 
tion to conductivity is always negative in ferromagnetic 
samples and leads to negative magnetoresistance. This is 
due to the fact that in ferromagnetic materials ferromag- 
netic s — d exchange yields spin splitting which is com- 
parable or larger than the thermal energy or the Landau 
level splitting due to magnetic field [6(. The resulting 
spin polarization of the conduction electrons influences 
the spin-flip scattering. 

For the case of a 2D ferromagnetic film, which is rele- 
vant for our experiment, the results depend upon the ori- 
entation of the magnetization relative to the plane of the 
film. The easier is the case of the magnetization perpen- 
dicular to the plane. In this case the spin-flip scattering, 
which leads to weak antilocalization is totally suppressed. 
Thus, even in the presence of strong SO interaction the 
correction to conductivity and the magnetoresistance are 



ne gati ve, hence there is only weak localization correction 
[a lllj. When the magnetization is in plane, spin-flip 
scattering is present in the system, and one has to include 
the spin-flip processes in the Cooperon ladder. However, 
the overall quantum correction to the conductivity turns 
out to be of WL type, though smaller than in the case of 
magnetization perpendicular to the plane. 

In this paper we describe a systematic experimental 
work designed to study the effect of ferromagnetism on lo- 
calization phenomena. For this we use disordered amor- 
phous films of ferromagnetic Ni and Fe in which we vary 
continuously the thickness and disorder of each sample. 
These films show a drop of the Curie temperature to 
zero at low film thickness 
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This allows us to study 
the conductivity of a single sample - with and without 
ferromagnetism - in the temperature regime in which lo- 
calization is important. We find that in the paramagnetic 
phase of our ultrathin film, the conductivity is governed 
by WAL as a result of strong Bychkov-Rashba SO scat- 
tering leading to positive MR. When the samples become 
ferromagnetic the magnetoresistance curves change sign 
and become negative, indicating that WAL is masked by 
magnetic effects in agreement with Dugaev el al. 



II. EXPERIMENTAL 

In order to achieve substantial localization effects one 
would like to employ disordered metallic thin layers. For 
this reason we used ultrathin amorphous films in which 
the low thickness enhances the role of disorder and thus 
increases the affect of localization. The samples studied 
in this research were films of Ag, Ni and Fe with thickness 
varying between 0.05 and 12 nm and resistances between 
1 Mfl and 100 SI. The samples were fabricated using the 
technique of "quench condensation", i.e. thermal evapo- 
ration on a cryocooled substrate. This technique allows 
to deposit sequential layers of ultrathin films and mea- 
sure transport without thermally cycling the sample or 
exposing it to atmosphere. This is particular advanta- 
geous for the study of thin ferromagnetic films such as 
Ni or Fe in which one would like to prevent rapid oxi- 

(ll[Ti|. Prior to 



dation characteristic of these materials 
the cooldown, six gold leads were evaporated on an in- 
sulating Si/SiO substrate. A mechanical mask was used 
to obtain a desired hall bar geometry enabling hall effect 
and 4 probe conductivity measurements on a 2 by 2 mm 
sample. The substrate was then connected to the He3 pot 
of a He3 fridge which was pumped to high vacuum to al- 
low film evaporation. An insulating underlayer of Ge or 
Sb was predeposited prior to the metal evaporation while 
the substrate was held at T=4 K. This insulating layer 
wets the substrate enabling to achieve ultrathin continu- 
ous amorphous films even at monolayer thickness IH 1 



An ultrathin metal film was then evaporated on the cold 
substrate. Deposition rate and film thickness were mon- 
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FIG. 1: MR curves of an Ag sample having various thickness, 
a. T=4.2 K. Solid lines are fits to WAL (Eq. with mean 
free path of 0.2 nm. (a) a — 0.75 nm. (b) a = 0.9 nm.(c) 
a = 1.5 nm.(d) a = 12 nm. The inset shows the extracted 
lso as a function of thickness. 

itored, in situ, by a quartz-crystal and sample resistance 
was measured during the growth. The evaporation was 
terminated at a desired thickness and resistance allowing 
transport measurements at different disorder states of the 
sample. The magnetotransport measurements presented 
in this paper were performed in the 25 K - 300 mK tem- 
perature range. A magnetic field up to 6 T was applied 
perpendicular to the substrate plain. 

Previously [l2| we studied the conductivity versus 
thickness of similar ultrathin films while driving them 
from strong to weak localization. Our analysis indicated 
that as the film is thickened, the microscopic properties 
such as mean free path, I, diffusion constant, Dq, or de- 
phasing length, l v do not change. The parameter that is 
mainly affected by the thickness is the localization length 
£ which is reduced due to the low dimensionality of the 
layer. Changing the thickness causes a crossover from 
strong to weak localization via the crossover from £ < l v 
to £ > l v . 

III. RESULTS AND DISCUSSION 

As noted above, this research concentrates on the 
transport properties of ultrathin films of Ni and Fe for 
the purpose of investigating the influence of ferromag- 
netism on localization effects. For reference we studied 
the properties of non-ferromagnetic systems i.e. ultra- 
thin layers of Ag. MR curves of a single Ag sample for 
several thicknesses are shown in fig. 1. It is seen that Ag 
layers exhibit a positive MR for all the studied thickness 
range. This result is indicative of films characterized by 
strong spin orbit interaction and thus exhibiting WAL. 
We attribute these results to the presence of a strong 
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FIG. 2: Hall Effect measurements of sequential quench con- 
densed Ni (a) and Fe (b) films. T=4.2 K. 

Bychkov-Rashba term in which SO interaction is due to 
scattering on the surface caused by reduced dimension- 
ality in the ultrathin film. The solid lines in fig. 1 are 
fits to WAL (Eq. [5]). The extracted spin-orbit length, 
lso, grows with the layer thickness (see inset) demon- 
strating that the SO interaction becomes weaker as the 
films become thicker, in consistency with the assumption 
that Bychkov-Rashba scattering is the main contribution 
to the SO effects. 

The situation is different for ferromagnetic layers. As 
described in Ref . , thin amorphous layers of Ni or Fe 
show no signs of ferromagnetism below a critical thick- 
ness, etc, which is material dependent. As the thick- 
ness is increased the Curie temperature increases rapidly 
from zero to the bulk value. This means that for a given 
temperature one can observe a transition from paramag- 
netism to ferromagnetism as a function of thickness. 

The measurement of magnetization in quench con- 
densed films is somewhat problematic since the samples 
can not be heated to room temperature without affect- 
ing their geometry, hence conventional methods such as 
SQUID measurements are not relevant. For this reason 
we use the hall effect (HE) for which ferromagnetic films 
are characterized by a large contribution from the ex- 
traordinary hall effect (EHE) proportional to the magne- 
tization. Fig. 2 shows Hall effect measurements at T=4.2 
K for sequential layers of Ni and Fe films. These show 
that a measurable extraordinary Hall effect (EHE) con- 
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FIG. 3: MR curves of a Fe sample having various thickness 
a. T=4.2 K. (a) a = 0.16 nm. The solid line is a fit to WAL 
(Eq. 0. (b) a = 0.5 nm. The solid line is a fit to WL (Eq. QJ. 

(c) a = 0.8 nm. The solid line is a fit to combination between 
WL (the dotted line) and AMR (the dashed line) of Eq. [9] 

(d) a = 7 nm. The solid line is a fit to AMR (Eq. |5J. The 
inset show the amplitudes of WL (circles) and AMR (squares) 
(Awl and Aamr of Eq. [9| as a function of the thickness. 

tribution, which characterizes ferromagnetism, is absent 
for a < ac, where ac is 1.8 nm for Ni and 0.45 nm for 
Fe. Thus we can identify two regimes: For a > ac(T) the 
films are ferromagnetic while for a < ac{T) they show 
no spontaneous magnetization. 

It turns out that this crossover from ferromagnetic to 
non ferromagnetic behavior has a striking effect on the 
magnetoresistance. At a = ac the MR changes sign from 
positive to negative. Fig. 3 depicts MR curves for a num- 
ber of growth stages of a Fe film, one for a < ac and the 
rest for a > ac- In the first stage the MR is positive and 
is very similar to the results obtained for Ag films having 
the same thickness. Here we obtain good fits to WAL 
(solid line). As a becomes larger than ac and the films 
are characterized by spontaneous magnetization, the MR 
changes sign to negative, unlike the situation in Ag. For 
the first few monolayers of thickness above ac the MR 
can be well fitted to WL without the influence of SO in 
accoradance with Eq. 0] (fig 3b). 

As the film is thickened the curves can not be fitted 
by assuming WL contribution alone any more. For thick 
enough ferromagnetic films we found [12j that the MR 
curves are best described by anisotropic magnetoresis- 
tance (AMR) characteristic of ferromagnetic films. The 
AMR effect relates the resistance value to the angle, 
9, between the the current and the magnetization [17]. 
The dependance of the resistance on 9 is known to be: 
p oc cos 2 9, where the resistance is maximum when the 
magnetization is parallel to the current. In our system 



FIG. 4: MR curves of a 1.8 nm Ni film measured at the 
following temperatures: (a) 0.5 K (b) 1.7 K (c) 14 K, (d) 18 
K. Solid lines in (a) and (b) are fits to Eq. [9] Solid lines in 
(c) and (d) are fits to WAL (Eq. [5|. l v extracted from the 
fits are: 61.9, 48.9, 17.8 and 17.4 nm respectively. The insets 
in (b) and (c) are HE measurements. 

the applied magnetic field is always directed perpendic- 
ular to the current. At zero field, both the magnetiza- 
tion and the current are in the sample plane. As the 
applied field is increased, the magnetization is rotated 
out of the plane thus increasing 9. At the saturation 
field, Hs, the magnetization is parallel to the applied 
field and perpendicular to the current causing the resis- 
tivity to be minimal. In order to analyze our data we 
assume quadratic dependance of AR on H at fields lower 
than Hs and saturation value at high fields, and use the 
following phenomenological expression: 

AR AMR = Ai?M H2 H +H 2 (8) 

The solid line in fig 3d is a fit to this expression where 
H s is taken from the Hall effect measurements such as 
those of figure 2. Hence, it appears that for thick enough 
ferromagnetic films the large contribution of AMR over- 
shadows all of other MR effects such as that of weak 
localization. 

In the intermediate regime (fig 3c), we fit the data to 
the combination between the two effects: 

Ai? com = Aamr^Ramr + AwlARwl (9) 

Where Aamr. and Awl are coefficients determining the 
relative weight of the two effects and Rwl — ^/o'wl- 
The inset in fig. 3 which depicts the dependence of Aamr. 
and Awl on the thickness demonstrates that, for low 
thickness, the negative MR observed in the ferromagnetic 
state is mainly due to WL effects. As the film is thickened 
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FIG. 5: Dephasing length, l v as a function of T for a number 
of Ni and Fe samples having different thicknesses. The dashed 
line has a slope of -0.5 and is a guide to the eye. The inset is an 
example of one Ni sample of 0.7 nm thick exhibits l v ~ j 1-0 - 5 




FIG. 6: A schematic illustration of the different MR regimes. 
The circles are the measured Curie temperatures, Tc as a 
function of thickness for a typical Ni film. The solid line 
connecting them separates between positive MR and nega- 
tive MR. The dashed lines represent the estimated qualita- 
tive separation between regimes of different contribution to 
the negative MR 



the relative AMR contribution grows and becomes the 
dominant factor for large thickness. 

The above experimental results are consistent with the 
theoretical prediction of Dugaev et al [Hj]. For non- 
magnetic films, the MR curves are always positive, pre- 
sumably as a result of the corrections of SO interactions 
on WL. For ferromagnetic films the MR is always nega- 
tive. The analysis of the data show that the appearance 
of ferromagnetism in the film suppresses the effect of SO 
such that only the usual negative MR typical to WL is 
present. 

Fig 3 demonstrated a transition from paramagnetic to 
ferromagnetic behavior as a function of thickness at con- 
stant temperature. A similar effect can be observed at 
constant thickness as a function of temperature. This is 
shown in fig. 4 which depicts MR and HE measurements 
of a 1.8 nm thick Ni film at different temperatures. For 
T < 4 K (4a and 4b) the samples are ferromagnetic, as 
demonstrated from the observed EHE, and the MR is 
negative. In this regime the data fit a combination of 
WL and AMR of Eq. H For T > 4 K (4c and 4d) only 
the ordinary HE can be observed, indicating that the film 
has lost its ferromagnetism. Indeed, in this regime the 
MR is positive and fits WAL behavior dominated by SO. 

Fits to WAL and WL similar to those of fig. |4] enable 
to extract the values for the dephasing length, l v , at dif- 
ferent temperatures. It turns out that these values are 
very similar for Ni and Fe. Fig. 5 shows l v versus T 
for 9 samples of Ni and Fe having different thicknesses. 
All films exhibit l v ~ T~ a , with a ranging between 0.3- 
0.5. This power law is maintained even when the sample 
crosses over from ferromagnetism to paramagnetism and 
the MR changes sign. This is demonstrated in the in- 
set which presents a 0.7 nm Ni film in which a ~ 0.5. 



The crossover from WL to WAL, noted by the arrow in 
the figure, is not sensed by l v which shows a smooth de- 
pendence on temperature. This behavior reinforces our 
confidence in the fitting procedure. 



IV. CONCLUSIONS 

In summary, we studied experimentally the magne- 
toresistance of ultrathin films of amorphous Ni and Fe. 
The Curie temperature for the ultrathin films of ferro- 
magnetic metals decreases with the decrease of the film 
thickness, and can be arbitrary low or even zero making 
it possible to study both the paramagnetic state and the 
ferromagnetic state in the same sample, at low enough 
temperatures so that localization effects are prominent. 
The main results of this paper are illustrated in fig. [S] 
in which a schematic "phase diagram" is plotted. These 
can be summarized by the following findings: At temper- 
atures larger than the curie temperature, in which the 
system shows no spontaneous magnetization, the MR is 
positive and is attributed to weak antilocalization. This 
is interpreted as signs for the fact that in the paramag- 
netic phase the magnetoresistance is determined by the 
magnetic field dependence of the quantum corrections 
to the conductivity in the presence of strong Bychkov- 
Rashba SO scattering. This corresponds to the WAL 
region on the "phase diagram" . At temperatures smaller 
than Tc, the film becomes ferromagnetic and, at the 
same time, the MR curves change sign and becomes neg- 
ative. For low enough temperature or thickness the MR 
curves follow the simple weak localization behavior with- 
out SO scattering (corresponding to the WL regime of 
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fig. HJ. This indicates that scattering in the triplet chan- 
nel, leading to WAL in the presence of SO scattering, is 
suppressed, and only scattering in the singlet channel is 
effective. As the film is thickened or temperature raised 
the magnetoresistance due to quantum correction to the 
conductivity is masked partially or completely by the 
anisotropic magnetoresistance effects. This corresponds 
to WL+AMR and AMR regions on the "phase diagram" 
respectively. 

Thus we have found that ultrathin films of amorphous 
Ni and Fe, interesting by itself due to possible applica- 
tions, can serve as a testing ground for the theory of 
quantum corrections to the conductivity. The experimen- 
tal results agree qualitatively with the theoretical predic- 
tion ll| that ferromagnetism in a film totally suppresses 
the influence of spin orbit scattering on the perpendicular 
magnetoresistance. Though there is no theory discussing 
the interplay between the different contributions of WL 
and AMR to the magnetoresistance curve in such films, 
the analysis of the experimental results provides informa- 
tion about the smooth transition from the WL dominated 
regime to the region in which AMR governs the behavior. 
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